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Manufacturing titanium alloys with simultaneous improvement in strength and ductility
poses a challenge which exceeds that of purely cubic metals. Various thermal and
thermomechanical strategies have been proposed to regulate the geometrical arrangement of
alpha + beta phases and texture of the alpha phase in an effort to impart the microstructure with
concurrent strengthening and toughening. This study explores two potential methods of
achieving mechanical enhancement.
The first involves the substitution of molybdenum for a portion of vanadium in Ti-64
(alpha + beta, 6.0 Al, 4.0 V weight %, balance Ti), thereby creating a new alloy, termed Ti-639
(alpha + beta, 6.5 Al, 1.7 Mo, 1.7 V, 0.3C, 0.19O, 0.3 Si weight %, balance Ti). Electron
backscatter diffraction (EBSD) and transmission electron microscopy are used to study the
preservation of the as-received microstructure of TIMETAL 639, owing to the low diffusivity of
molybdenum. EBSD texture analysis of solution heat treated TIMETAL 639 shows a marked
effect of beta phase on the recrystallization of new globular alpha grains within preexistent
colonies, leading to the generation of a distinct depleted bimodal microstructure. Quasi-static
compression mechanical testing indicates a measurable increase in mechanical response of the

depleted bimodal microstructure, about 90MPa higher yield, with a 6% higher strain at failure,
when compared to identically heat treated Ti-64 samples. This alloy design strategy enhances the
performance of alpha + beta titanium alloys while foregoing additional prolonged aging heat
treatments associated with Ti-64.
The second method involves a processing strategy to impart near-net shape structures
with ultra-fine grain microstructures without resorting to severe mechanical deformation. The
proposed strategy relies on utilizing a cyclic rapid heat treatment (CRHT) process to generate
refined martensitic microstructures in aerospace grade Ti-64. Analysis of resultant
microstructures using EBSD reveals trends in microstructure refinement during successive
CRHT iterations. For the given heat treatment parameters, three CRHT cycles yielded an
optimum microstructure refinement, by effectively harnessing discontinuous dynamic
recrystallization, while diminishing the occurrence of dynamic recovery and continuous dynamic
recrystallization.
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CHAPTER I
INTRODUCTION
Owing to their attractive specific strength and high temperature properties as compared to
steels, titanium alloys and notably alpha + beta and beta grades, fulfil a niche market in
aerospace applications (Boyer, 2010; Zhang et al., 2018) . Simultaneous enhancement of strength
and ductility in titanium alloys can be a promising driving force for diminishing weight and
improving energy efficiency (Wei et al., 2014; Li et al., 2016). This, however, is an arduous task
due to the notorious trade-off between strength and ductility due to the presence of the lowsymmetry hexagonal close-packed (HCP) phase in most commercial alloys or at best the bodycentered cubic (BCC) phase in beta alloy (Ritchie, 2011).
Arrangements of alpha and beta phases (Venkatramani et al., 2007) along with
crystallographic texture of the HCP alpha phase (Chakraborty et al., 2011) are key elements in
optimizing the trade-off between strength and ductility (Leyens and Peters, 2003; Sha and
Malinov, 2009). Regulating of these elements are also chiefly dependent upon optimizing
chemistry (Ding et al., 2002), processes and heat treatment protocols (Galarraga et al., 2017; Tan
et al., 2015).
These microstructural parameters are chiefly regulated by the manufacturing history and
chemical composition of the alloy. Optimization of mechanical properties in light of the strengthductility trade-off is therefore attainable by manipulating the microstructure through appropriate
manufacturing processes and heat treatment protocols. Achieving mechanical enhancement on
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both fronts of strength and ductility requires particular development of targeted microstructures
through proper processing
Microstructure morphologies of titanium alloys can largely be classified into
Widmanstätten, equiaxed, and bimodal microstructures (Hirth and Froes, 1977). Widmanstätten
microstructures are capable of delivering enhanced creep strength and fracture toughness along
with superior resistance to crack propagation (Gil et al., 2001), while equiaxed microstructures
(Semiatin et al., 1997) can confer high tensile strength and elongation, and improved resistance
to fatigue crack initiation. Bimodal microstructures, however, consist of equiaxed primary alpha
grains surrounded by secondary alpha colonies, delivering optimal balance of strength, ductility,
creep and fatigue (Neal, 1988; Wang et al., 2002; Zhao et al., 2008).
Alloy design strategies to promote bimodal microstructure in titanium alloys require
successive processing steps in the beta and alpha-beta regions (Birosca et al., 2011; Gey et al.,
2012). Forging in the beta domain encourages the formation of coarse lamellar microstructures
that can be further deformed in the alpha-beta domain to generate a bimodal microstructure
(Brun et al., 1998; Lutjering et al., 1995). Maintaining a certain level of ductility while
promoting strength can be obtained if heat treatment is conducted in the alpha + beta field to
produce a final microstructure of refined globular alpha in a matrix of transformed beta
(Banerjee and Williams, 2013; Brun et al., 1998; Semiatin and Bieler, 2001). The bimodal
microstructures has been correlated with shorter effective slip lengths (Lutjering et al., 1995;
Roy et al., 2012), a greater resistance to adiabatic shear band (ASB) formation (Lee et al., 2004,
2001), and higher energy absorption, when compared to equiaxed and lamellar microstructures.
The key microstructural parameter to achieve these enhanced mechanical properties is a fine beta
grain size, leading to a small colony size during processing(Lutjering et al., 1995; Sen et al.,
2

2007). Among the currently used alpha + beta titanium alloys, Ti-64 (alpha + beta, 6.0 Al, 4.0 V,
balance Ti) has received significant amount of attention, given that it accounts for more than
50% of all industrially applied titanium alloys by weight (Polmear et al., 2017). Some key
applications include pressure vessels, blades and discs of aircraft turbines and compressors, and
surgical implants (Schutz and Watkins, 1998). These alloys show in fact a good balance between
physical, mechanical, and corrosion properties compared to commercial-purity titanium and
other titanium alloys(Cheng et al., 2003; Okazaki et al., 1998).
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CHAPTER II
TIMETAL 639 AS A COST-EFFECTIVE METHOD FOR OPTIMAL BALANCE OF
STRENGTH AND DUCTILITY WITHOUT AGING HEAT TREATMENT
2.1

Introduction
Most optimization methods for the enhancement of mechanical properties of Ti-64 and

other alpha + beta titanium alloys have relied on manipulation of the main microstructural
features such as the sizes of equiaxed alpha grains, the presence of continuous alpha layers at
beta grain boundaries, and the sizes of the individual alpha lamellae (Weiss et al., 1986).
These approaches aim at enhancing mechanical properties by utilizing solid state phase
transformations to determine the functional characteristics of alloys. Alternatively, the regulation
of mechanical properties can be achieved using the combined effects of alloying additions and
heat treatment processing in order to adjust the stability and mechanical behavior of the two
phases, both individually and as parts of various microstructural arrangements (Leyens and
Peters, 2003).
This study aims at introducing TIMETAL 639 as a new titanium alloy to mitigate the
lasting challenge between strength and ductility. To this end, we investigate the effect of
composition driven strategy to establish a cost-effective heat treatment protocol without
conducting aging. This strategy is the driving force for not only adjusting morphology but also
texture of alpha and beta phases, preserving and refining the initial bimodal microstructure. This
proposed alloy design and heat treatment strategy also pave the way for enhancing mechanical
4

properties of the near-net shape parts fabricated by additive manufacturing methods without
conducting post thermomechanical processing. The study also establishes a correlation between
the conducted heat treatment and generated microstructure through electron backscatter
diffraction (EBSD) and transmission electron microscopy (TEM) analyses, with emphasis on the
microstructure evolution within the alpha + beta colonies. In particular, the beneficial effects of
the introduction of Molybdenum and the adoption of a bimodal microstructure in Ti-639 are
contrasted against its widely prevalent Ti-64 counterpart.
2.2

Materials and Methods
The starting materials for heat treatment and analysis were supplied by TIMET and

consisted of plates of aerospace grade Ti-64, as well as TIMET’s novel TIMETAL 639
(henceforth referred to as Ti-639) alloy (alpha + beta, 6.5 Al, 1.7 Mo, 1.7 V, 0.3 Si, balance Ti)
as a new member of the alpha + beta family of titanium alloys. Compared to the more commonly
used Ti-64, Ti-639 contains a slightly greater amount of aluminum. More notably, a portion of
the vanadium is replaced by molybdenum. The objective of synthesizing Ti-639 is to create an
alloy that exceeds the strength of Ti-64 while paying the small weight penalty of a 1% increase
in density, due to molybdenum’s higher atomic mass (Fanning, n.d.).
The Ti-64 and Ti-639 plates were hot rolled to a final thickness of 0.5 inches. Specimens
for characterization of mechanical properties were obtained from the rolled plates using electrical
discharge machining (EDM). Two batches of cylindrical compression samples (0.25 in.
diameter, 0.25 in. height) were produced with the loading axes oriented along the plate normal
and rolling directions. Heat treatment of the compression samples was conducted in a muffle
furnace. In order to minimize oxygen uptake, the furnace chamber was purged with argon
(Sander and Raabe, 2008; Guo et al., 2018) (Guo et al., 2018; Sander and Raabe, 2008) for 30
5

minutes prior to heat treatment and maintained under a constant flow (~500 mL/min) of argon
throughout the entire duration of heat treatment and cooling.
Figure 2.1 presents a schematic of the heat treatment protocols conducted on Ti-64 and
Ti-639 in this study. To avoid the loss of the microstructure imparted during rolling, the solution
heat treatment temperature was kept below the beta transus temperatures for both Ti-64 and Ti639, as determined by JMatPro™ computations (https://www.sentesoftware.co.uk/, 2019). The
temperature and time parameters for heat treatment are based on the work of Lutjering et al
(Lütjering, 1998).

Figure 2.1

Time-temperature profile solution heat treated and aged Ti-64 and Ti-639,
performed using a muffle furnace under atmosphere of constantly flowing argon
gas.

To study microstructure evolution during heat treatment, the samples were prepared by
mounting and mechanical polishing. The samples were finished by vibratory polishing using a
6

colloidal silica suspension for 24 hours, before being examined by EBSD using a Zeiss SUPRA
40 field-emission scanning electron microscope (FE-SEM) and analyzed with orientation
imaging microscopy (OIM) software (www.edax.com/, 2019). All EBSD scans were conducted
along the plate normal direction, with the rolling direction running vertically along the scanned
image.
The mechanical outcome of heat treatment and microstructure modification was
examined through quasi-static compression using an Instron 5882 load frame. Molybdenum
based lubricant was used at the interface between the cylindrical samples and the platens to
mitigate the effect of specimen barreling. In order to allay machine compliance effects during
testing, the resultant data was processed through a modulus correction program, using a
reference modulus of 113 GPa.
2.3

Results and Discussion
The FE-SEM micrographs in Figure 2 illustrate the microstructural morphologies of Ti-

639 at different processing steps. To produce contrast between the constituent phases, the sample
surfaces were etched using a 1% solution of ammonium bifluoride in water. Figure 2.2 (a) shows
that the as-received Ti-639 exhibits a distinctly bimodal microstructure, consisting of prominent
globular grains of primary alpha (etched in dark grey), interspersed with colonies of alternating
alpha and beta lamellae (etched in light grey). Solution heat treatment of Ti-639 is accompanied
by the coarsening of the colonies of acicular alpha and beta surrounding the primary alpha grains
(Figure 2.2 (b)). Subsequent aging of Ti-639 results in the decay of most of the alternating
colonies, with marginal retention of the lamellar characteristics (Figure 2.2 (c)).
Figure 2.3 shows the inverse pole figure (IPF) maps of the alpha phase for Ti-639 and Ti64 titanium alloys. Figure 4 shows IPF contour maps of the corresponding alpha microstructures
7

from Figure 3. The as-received Ti-639 in Figure 2.3 (a) portrays large alpha regions shown in
green, corresponding to the prismatic orientation of the HCP phase, also highlighted in the IPF
contour in Figure 2.4(a).

Figure 2.2

Scanning electron micrographs of etched Ti-639 microstructures. Darker grey
regions are primary alpha grains while lighter regions represent colonies of
alternating alpha and beta lamellae. (a) As-received microstructure with fully
bimodal microstructure. (b) Solution heat treated microstructure displaying
depleted bimodal colonies. (c) Aged microstructure sowing major loss of bimodal
microstructure.

Figure 2.3 shows the inverse pole figure (IPF) maps of the alpha phase for Ti-639 and Ti64 titanium alloys. Figure 4 shows IPF contour maps of the corresponding alpha microstructures
from Figure 3. The as-received Ti-639 in Figure 2.3 (a) portrays large alpha regions shown in
green, corresponding to the prismatic orientation of the HCP phase, also highlighted in the IPF
contour in Figure 2.4 (a).
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Figure 2.3

Inverse pole figure (IPF) maps from electron backscatter diffraction (EBSD)
highlighting the alpha phase Ti-639 in the (a) as-received, (b) solution heat treated
and (c) aged condition, compared to Ti-64 in (d) as-received, (e) solution heat
treated, and (f) aged condition. Scale bars at the bottom left corners are 10 μm in
length. The legend on the right shows the orientation of the scanned surfaces, with
the rolling direction running vertically along the image.

By comparison, the as-received Ti-64 shows a more equiaxed microstructure, with the
alpha grains exhibiting preferential alignment towards basal orientations (Figure 2.3 (d) and 2.
4(d)). Solution heat treatment leads to a certain degree of deviation from as-received texture for
both Ti-639 (Figure 2.3 (b)) and Ti-64 (Figure 2.3 (e)). From Figures 2.4 (b) and 2.4 (e), the
microstructure of Ti-639 is more resistant to reorientation than Ti-64, which experiences a
significant shift away from the basal-dominated as-received texture, approaching an intermediate
distribution between basal and prismatic components. Prolonged aging further promotes the
reorganization of grain orientations in both Ti-639 and Ti-64, as shown in Figures 2.3 (c) and 2.3
(f), respectively. The IPF contours in Figures 2.4 (c) and 2.4 (f) further illustrate the tendency of
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both microstructures to drift towards intermediate orientations when supplied with sufficient
amounts of temperature and time to do so.

Figure 2.4

Inverse pole figure contour plots obtained from electron backscatter diffraction
(EBSD) depicting the progression of alpha phase texture brought about by heat
treatments. The evolution of predominantly prismatic tendency in Ti-639 is shown
in the (a) as-received, (b) solution heat treated, and (c) further aged states., while
the change in the initially basal texture of Ti-64 is captured in (d) the as received,
(e) solution heat treated, and (f) aged conditions. All samples were scanned along
the plate normal, with the rolling direction running vertical

To reveal the effect of heat treatment on mechanical properties, the quasi-static
compressive performance of the titanium alloys in the plate normal and rolling directions were
investigated. Figures 2.5 and 2.6 present the plastic true-stress true-strain curves for Ti-639 and
Ti-64, respectively. The curves for the solution heat treated and aged microstructures compressed
in the plate normal direction are accompanied by their corresponding microstructures. The asreceived Ti-639 has a yield of about 1107 MPa, with a maximum compressive true stress of 1497
MPa occurring at a strain of 33.9 % when compressed in the plate normal direction

10

Figure 2.5

Modulus corrected plastic true stress-true strain curves from quasi-static
compression of Ti-639 compressed in the rolling, and plate normal directions. Also
included are corresponding mictostructures in the form of inverse pole figure (IPF)
maps obtained through electron backscatter diffraction (EBSD) of heat-treated
samples, imaged along the sample normal direction.
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Figure 2.6

Modulus corrected plastic true stress-true strain curves from quasi-static
compression of Ti-64 compressed in the rolling, and plate normal directions. Also
included are corresponding microstructures in the form of inverse pole figure (IPF)
maps obtained through electron backscatter diffraction (EBSD) of heat-treated
samples, imaged along the sample normal direction.

In contrast, compression along the rolling direction showed a slight increase in yield at
1126 MPa, along with a higher maximum stress of 1529 MPa, but a marked reduction in strain to
16.4 %. The significant discrepancy in the mechanical performance along the two directions is
due to the anisotropy induced by the preferential alignment of large prismatic primary alpha
grains along the plate normal (Figure 2.3 (a)).
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The Ti-639 behavior under the normal direction shows an uptick in strength after solution
heat treatment, accompanied by a decrease in ductility. This can be attributed to the reduction in
the proportion of grains with prismatic texture components (Figure 2.3 (b)), given that prismatic
slip has the lowest critical resolved shear stress (CRSS) in alpha titanium (Banerjee and
Williams, 2013). The maximum stress peaks at 1561 MPa at a strain of 28.2 %. A similar trend is
observed in the case of samples compressed along the rolling direction, with a stress of 1558
MPa occurring at a strain of 11.5 %. Subsequent aging results in a negligible change in yield,
along with a drop in the ductility and strength, down to 1519 MPa at 25.2 % in the normal
direction. Conversely, the mechanical response under compression along the rolling direction
shows the opposite trend, with a maximum stress of 1571 MPa at a strain of 11.8 %. Both these
responses further highlight the effects of texture-induced anisotropy and orientation
randomization through recrystallization during the aging phase (Figure 2.3 (c) and 2.4 (c)). For
compression in the normal direction, a smaller fraction of the microstructure is oriented along the
most ductile prismatic orientation. The increase in ductility along the rolling direction can also
be attributed to the newly formed randomized grains, boosting the capacity of accommodating
arbitrary plastic deformation.
The as-received Ti-64 samples show a significantly lower degree of anisotropy, with
maximum stresses of 1402 MPa and 1396 MPa at 27.1 % and 23.9 % strain, when compressed
along the normal and rolling directions, respectively. While relatively ductile, the strains
achieved by Ti- 64 in the normal direction of the as-received case are lower than those seen in
Ti-639. The EBSD analysis along the normal direction shows a predisposition towards basal
orientations (Figures 2.3 (d) and 2.4 (d)), which while moderately ductile, do not show the low
CRSS of prismatic deformation at room temperature (Banerjee and Williams, 2013). Solution
13

heat treatment shows a reorientation away from the basal microstructure (Figure 2.4 (e)), leading
to a decrease in ductility along with an increase in strength for both orientations, with peak
stresses of 1550 MPa at 15.5 % strain in the normal direction, and 1437 MPa at 19.3 % strain in
the dolling direction.
Aging after solution heat treatment shows divergent results, with the rolling direction
becoming stronger but less ductile at 1580 MPa and 16.1 %, while the normal direction regains a
portion of its ductility at 22 % with the strength dropping down to 1473 MPa. The aged
microstructure shows a significant shift of the grain orientations towards the more ductile
prismatic and moderately ductile basal orientations (Figure 2.4 (f)), as compared to the solution
heat treated microstructure.
To achieve a strength of 1473 MPa while accommodating a true plastic strain of 22 % in
the normal direction, the traditional Ti-64 material needed to undergo a prolonged aging step
after solution heat treatment. By comparison, Ti-639 outperforms Ti-64 at 1561 MPa and 28.2 %
strain while only requiring solution heat treatment.
The cause for the variation in material response is linked to the morphologies and
orientations of the grain structures in each case. In the as-received state, Ti-64 exhibits a
primarily equiaxed microstructure, dominated by large alpha grains with small beta regions
dispersed along the grain boundaries. On the other hand, the as-received Ti-639 has a bimodal
microstructure, comprised of mostly prismatic large primary alpha grains alongside colonies of
alternating lamellae of beta and acicular secondary alpha. The better mechanical performance of
Ti-639 compared to Ti-64 is aided by the propensity of bimodal microstructures to outperform
equiaxed ones, owing to the optimum balance of strength and ductility (Wood et al., 1998).
Furthermore, the small increase in the amount of alpha-stabilizing aluminum, as well as the
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introduction of molybdenum, cause the bimodal microstructure of Ti-639 to be less susceptible
to severe alteration during solution heat treatment by decelerating the rearrangement of the
preexisting bimodal microstructure. In addition to its strengthening effect, molybdenum is also a
potent beta stabilizer (Ankem and Greene, 1999) with a very low diffusivity compared to
vanadium (Semiatin et al., 2003), which is used as the standard beta stabilizing candidate. The
formation of new alpha grains during heat treatment has been shown by Semiatin et al. (Semiatin
et al., 2003) to occur at the interface between alpha and beta grains. Therefore, beta grains
stabilized by molybdenum become pinned, and can serve as nucleation sites for new smaller
alpha grains along the periphery of larger prismatic primary alpha grains.
As a result, the solution heat treated microstructure has large prismatic alpha grains
whose boundaries are now decorated with randomly oriented refined alpha grains. To induce a
larger extent of randomization and departure from the inherited bimodal microstructure, Ti-639
would need to be heat treated for longer, a phenomenon that is clearly indicated in the aged
microstructure for Ti-639 (Figure 2.3 (f)). By comparison, the absence of molybdenum in the
beta phase of Ti-64 makes the microstructure less resilient against severe alteration during
solution heat treatment. Given that the beta grains in bimodal microstructures are confined to
colonies of alternating alpha and beta lamellae, the interfaces of these colonies would serve as
prime locations for nucleation of new alpha grains. Consequently, the newly recrystallized alpha
grains would grow at the expense of the beta lamellae that reside in the colonies surrounding
them.
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Figure 2.7

Schematic describing the shrinking of beta lamella within the colony during heat
treatment

Figure 2.8

Scanning electron microscope image of a colony in solution heat treated Ti-639
etched using 1% aqueous ammonium bifluoride. Reduction in beta lamella lengths
is used as a method for tracking locations of recrystallized globular alpha inside
the colony.
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Figure 2.7 shows a sketch describing the nucleation and growth of freshly recrystallized
alpha within the lamellar alpha-beta colony It begins with a new globular alpha grain nucleating
near the boundary of an existing lamellar colony. As the recrystallized alpha grain grows, it
consumes the space once occupied by the lamellae, thereby shrinking the lengths of the lamellae.
The phenomenon of shortened lamellae can be used to identify specific locations within the
colonies where alpha recrystallization took place. The scanning electron micrograph in Figure
2.8 focusses on one such region within the microstructure of solution heat treated Ti-639. The
shortened length beta lamella inside the colony is the likely result of recrystallized alpha
encroaching upon the beta lamella.
Figure 2.9 presents EBSD data of the Ti-639 sample, used to investigate the concept of
recrystallized alpha grains being found at the point of shortened beta lamellae. Figure 2.9 (a)
shows an overlaid phase and image quality map of the solution heat treated Ti-639, while Figure
2.9 (b) emphasizes the location where a previous lamellar colony now contains a more equiaxed
alpha grain surrounded by shrunken beta lamellae.
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Figure 2.9

(a) Combined image quality (IQ) and phase map of solution heat treated Ti-639.
Red regions correspond to alpha, while beta is colored in green. (b) Site of alpha
recrystallization. (c) IPF map of isolated alpha grain with surrounding beta
lamellae.

Figure 2.10

Pole figures of isolated grains showing grains confirming that the recrystallized
alpha grain obeys the burger orientation relationship ||(0001).
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Figure 2.9 (c) shows a segment of the IPF map where the alpha grain is isolated with all
its adjacent beta grains. Figure 2.10 compares the pole figure of the alpha grain relative to its
basal orientation of (0001) with the orientation of the surrounding beta grains. The agreement of
the data with the Burgers orientation relationship of (110) || (0001) (Balachandran et al., 2017)
corroborates the notion of the alpha grain being recrystallized within a prior colony, with the
orientation being influenced by the preexisting beta.
Figure 2.11 shows similar analysis of the aged Ti-639 microstructure. The diminishing of
beta lamellae within the microstructure can also serve as a morphological correlation to the
estimate the extent of recrystallization in the colonies during heat treatment in the alpha-beta
temperature domain. After prolonged aging, the positions of prior colonies become populated
with several newly formed alpha grains, while the prior beta grains are now confined to the
peripheries of the prior colonies (Figure 2.11 (a)). Newly recrystallized alpha is likely to be
found in regions between depleted beta lamellae, similar to the one highlighted in Figure 2.11
(b).
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Figure 2.11

(a) Combined image quality (IQ) and phase map of aged Ti-639. Red regions
correspond to alpha, while beta is colored in green. (b) Site of alpha
recrystallization. (c) IPF map of isolated alpha grain with surrounding beta
lamellae.

Figure 2.12

Pole figures of isolated grains showing grains confirming that the recrystallized
alpha grain obeys the burger orientation relationship ||(0001).
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Figure 2.11 (c) shows an isolated IPF map of the potentially recrystallized alpha grain,
along with any beta lamellae that share its grain boundary. Pole figure data in Figure 2.12
indicates that the alpha grain does follow the Burger’s orientation relationship, confirming that
alpha grain recrystallized and grew within the colony during the prolonged aging process.

Figure 2.13

Inverse pole figure map of isolated beta phase in solution heat treated Ti-639.
Encircled regions demonstrate that solution heat treated beta grains retain some of
their lamellar characteristics after solution heat treatment.
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Figure 2.14

Inverse pole figure map of isolated beta phase in solution heat treated and aged Ti639, indicating splitting of longer beta lamellae during further aging. Expanded
portions highlight beta grains that originated from the same prior lamella within
the colony, as evidenced by their relatively linear placement and identical
crystallographic orientations (cubes overlain over beta grains).

Figures 2.13 and 2.14 represent IPF maps of the beta phases in the solution heat treated
and further aged conditions respectively. In addition to the reduction in beta lamellae due to new
alpha grains nucleating at the interfaces, growing recrystallized alpha grains can also split the
preexisting beta grains in their path (Semiatin et al., 2003).
The solution heat treated sample preserves some of its bimodal characteristics,
highlighted by the encircled regions of successive beta lamellae. In contrast, the aged
microstructure showed little to no preservation of the beta phase morphology. Furthermore, the
aged beta grains were arranged in lengths of interrupted lines, with very similar grain
orientations across the span. Figure 2.14 contains three such lengths with the corresponding unit
cell orientations for each of the split segments, thereby confirming that the segments were once
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part of the same beta lamella. The prominence of this splitting phenomenon in the aged
microstructure further compounds on the decrease of beta grain due to recrystallization during
aging.
The (TEM) image in Figure 2.15 highlights a section of the aged Ti-639 microstructure.
Figure 2.15 (a) captures the interphase region in a colony at the instant of beta splitting, thereby
validating the hypothesis that beta splitting occurs as a result of encountering recrystallized alpha
grains that grew during prolonged aging. Figure 2.15 (b) examines the distribution of
molybdenum within the selected region using element dispersive x-ray spectroscopy (EDS).
Molybdenum atoms have a propensity to partition along the peripheries of the beta lamella.
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Figure 2.15

Transmission electron microscope analysis of interface between alpha and beta in
aged Ti-639 showing (a) splitting of a beta lath as alpha grain impinges across and
(b) EDS elemental map of molybdenum illustrating that molybdenum segregates
preferentially to the alpha-beta boundary.

The impact of solution heat treatment is not limited to the recrystallization of new alpha
grains within the colonies. The globular primary alpha grains near colonies also experience
effects of alpha recrystallization within the colonies. In particular, globular alpha grains that are
surrounded by significantly recrystallized colonies on multiple sides show an internal recovery of
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their internal structure. Highlighted in Figure 2.16 are several primary alpha grains in the
solution heat treated microstructure. Grains a and b are surrounded on three sides by prior
colonies that have experienced substantial recrystallization, evident by the considerably smaller
alpha grains amidst diminished beta lamellae. On the other hand, grains c, d, and e, are located
among clusters of larger primary alpha grains, with the adjoining colonies being less
significantly altered by recrystallization. The solution heat treated sample was the preferred for
observation due to the fact that some colonies still retained their lamellar beta microstructures,
while other colonies had undergone higher degrees of recrystallization. Such a microstructure
allows for side-by-side analysis of adjacency effects of colonies on primary alpha within the
same sample. To assess the extent of recovery on the isolated primary alpha grains, a line scan of
the misorientation profile across the span of each grain was plotted. The point-to-point
misorientation displays the variation between successive data points along the scan line, while
the point-to-origin data corresponds to the angular deviation between the current point and the
first point (farthest left) on the scan line. Grains a and b show a negligible amount of
accumulated point-to-first misorientation. In contrast, c, d, and e have significantly greater
misorientations between opposing ends of their grains.
The proposed notion behind the variation is that recrystallization of colonies is
accompanied by the relieving of stored internal stresses from the rolling process. As a result,
primary alpha grains that are surrounded by recrystallized prior colonies now have a relaxed
stress field at their grain boundaries, allowing for recovery to take place more easily. By
comparison, grains that are less surrounded by colonies, or whose neighboring colonies have not
undergone considerable recrystallization, would have a much lower degree of recovery, as shown
by the more sizable increase in the measured misorientations. This notion is further corroborated
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by observing the far-right regions of grains c, d, and e, which lie in the direct vicinity of partially
recrystallized colonies. The point-to-origin misorientation profiles of alpha subgrains on the right
side for c, d, and e are flatter than they are for the remainder of the grain, likely due to the
relaxation brought about by the onset of recrystallization within the colonies to the right of these
grains.
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Figure 2.16

Misorientation profiles of various alpha grains of the solution heat treated Ti-639.
Grains (a) and (b) are chosen from locations bordered by colonies on three sides,
while grains (c), (d), and (e) are picked from regions surrounded mostly by other
primary alpha neighbors.

The effects of neighboring colonies on the grain substructures can be quantitatively
correlated by using the misorientation within the grain to estimate the underlying dislocation
density. Table 2.1 lists the average misorientation angle across the span of each probed grain, the
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length of the line scan, and the calculated density of geometrically necessary dislocations (GND)
for each grain. The average misorientation for a grain is obtained by computing the area under
the point-to-origin misorientation profile using a Reimann sum before dividing the value by the
length of the line scan. The formulation used to determine GND density (Wood, 1962) is given
in Equation (2.1):
𝛼∙𝜃

(2.1)

𝜌𝐺𝑁𝐷 = |𝑏|∙𝑥
The value of α is taken to be 2, which assumes the simpler case of pure tilt

misorientation, requiring only one set of edge dislocations to accommodate the misorientation
(Moussa et al., 2015). The parameter b is the Burger’s vector, which equals the lattice parameter
‘a’ for alpha titanium, and has a value of 2.95 Angstroms (Wood, 1962). θ and x are the angle
and distance in radians and meters respectively, which are used to approximate the lattice
curvature.
Table 2.1
Grain

Estimation of density of geometrically necessary dislocations using misorientation
profiles of grains highlighted in Figure 2.16
Average Misorientation

Length of Line Scan

Dislocation Density

(deg)

(μm)

(m-2)

a

0.83

13.1

7.5 ∙ 1012

b

0.58

11.8

5.8 ∙ 1012

c

14.9

19.2

9.2 ∙ 1013

d

18.5

22.4

9.8 ∙ 1013

e

8.7

22.6

4.6 ∙ 1013
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The lower dislocation densities of primary alpha grains located amidst recrystallized
colonies in the depleted bimodal microstructure of solution heat treated Ti-639 lends further
credence to the relaxation of the lattice relaxation effects of recrystallization within the grain.
This, combined with the microstructure stabilizing effects of molybdenum, allows the solution
heat treated Ti-639 to retain a significant portion of its ductility, despite the gain in strength and
nucleation of new alpha grains within colonies at the expense of beta lamellae.
2.4

Conclusions
The performance of Ti-639 at varying stages of processing was assessed and compared to

that of Ti-64, with the objective of establishing Ti-639 as a viable member of the family of alpha
+ beta titanium alloys. The key findings of this study can be summarized as follow:
1.

The depleted bimodal microstructure of solution heat treated Ti-639 surpassed the

aged microstructure of Ti-64 in both compressive strength and ductility in the plate normal
direction. This enhanced performance can be attained from Ti-639 while cutting down on the
costs incurred during prolonged aging of Ti-64.
2.

The substitution of molybdenum for a portion of vanadium produced a marked

increase in strength in Ti-639, compared to Ti-64. Molybdenum also forestalls the deterioration
of bimodal microstructures during heat treatment, due to its low diffusivity and tendency to
aggregate at of alpha/beta interphase boundaries, as confirmed by EDS elemental maps from
TEM scans of the interfaces.
3.

In solution heat treated Ti-639, colonies display shortened beta lamellae due to

recrystallized globular alpha grains nucleating and growing along the length of acicular beta
grains. This phenomenon is supported by EBSD results showing that the newly formed alpha
grains follow the Burger’s orientation relationship with neighboring beta lamellae.
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4.

Further aging of Ti-639 causes the recrystallized alpha grains to continue

expanding. As these alpha grains try to grow across the width of the beta lamellae, they split the
beta lamellae, further compounding in the deterioration of the length of beta grains. These
findings are supported by TEM analysis, as well as the identical crystallographic orientation of
split segments that were once part of the same acicular beta grain.
5.

The effects of alpha recrystallization within colonies also extend to the existing

primary alpha grains located at the periphery of recrystallized colonies. Primary alpha grains
surrounded by recrystallized colonies showed very small misorientation profiles as well as lower
calculated dislocation densities, compared to primary alpha grains that are mostly bordered by
other primary alpha grains. Furthermore, subgrains neighboring recrystallized colonies show less
variation in the misorientation profile compared to the portion of the grain bounded by other
primary alpha.

30

CHAPTER III
CYCLIC RAPID HEAT TREATMENT (CRHT) AS A MEANS FOR PRODUCING
ULTRAFINE GRAINED MICROSTRUCTURES IN ALPHA + BETA TITANIUM
ALLOYS WITHOUT SEVERE PLASTIC DEFORMATION
3.1
3.1.1

Benefits of ultrafine grained (UFG) microstrutures
Superplasticity
UFG microstructures are of particular interest for superplastic deformation, which

involves the ability of a microstructure to achieve very high strains (several hundred percent) as
a result of slow, hot deformation (Barnes, 2007). The temperatures and strain rates at which
superplastic forming is viable for a given microstructure are related using Equation 4.1 (Bird et
al., 1969; Langdon, 1982):

𝜀̇ =

𝐴𝐷𝐺𝑏
𝑘𝑇

𝑏 𝑝 𝜎 𝑛

( ) ( )
𝑑

𝐺

(4.1)

Where 𝜀̇ is strain rate, D is the coefficient of diffusion, G is the shear modulus, b is the
burger’s vector for the material, d is the grain size, σ is the applied stress, T is the absolute
temperature, k is the Boltzmann constant, p is the inverse-grain size exponent, n is the stress
exponent, and A is a constant. For hot deformation of coarse-grained material, the value of p
tends to zero, effectively negating any contribution due to grain boundary effects. But in the
event of deformation accommodation through grain-boundary sliding, which is the dominant
mechanism in UFG microstructures, the values of constants change such that p = 2 and n = 2
(Langdon, 1994). As a result, highly refined microstructures allow for superplastic forming to
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occur at greater strain rates. Conversely, for a specified strain rate during deformation, use of
UFG microstructures allows for superplastic forming to take place at much lower temperatures.
The latter benefit of UFG materials has been in demand for titanium alloys in the aerospace
sector, with Boeing showing keen interest in low temperature superplastic forming of Ti-64
alloy. The conventional superplastic forming temperature used by Boeing is in the range of 900 o
C, which results in high-temperature oxidation of the forming dies, as well as additional
expenses due to greater heating rod consumption and nitric-hydrofluoric acid pickling of Ti-64
(Zhang et al., 2014). A reduction in the forming temperature could significantly cut down these
processing costs without introducing any detrimental effects on the final product.
3.1.2

Fatigue Performance
alpha + beta titanium alloys, particularly aerospace grade Ti-64 (which is the primary

subject of this study) are of key importance in applications where fatigue life is critical.
To this end, generating microstructures with sub-micron grain sizes has been shown to
significantly enhance the fatigue performance of the material in both static and static and
dynamic strengths, owing to higher dislocation densities, as well as an increase in the proportion
of high angle grain boundaries within the microstructure(Valiev et al., 2000a, 2000b).
Cyclic testing commercial purity titanium produced using SPD showed that transitioning
from coarse-grained to UFG microstructures showed improvement in both the number of cycles
to failure, as well as the magnitude of stress at the endurance limit (taken to be 10^6 cycles)
(Anumalasetty et al., 2016; Figueiredo et al., 2014; Kim et al., 2006; Medvedev et al., 2015;
Naseri et al., 2018; Vinogradov et al., 2001).
The fatigue performance of conventional coarse-grained polycrystalline materials is
dominated by the interactions of dislocations, either in the form of hardening through
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dislocation-accumulation, or softening through dislocation-annihilation (Mughrabi and Höppel,
2010).
By contrast, the size-scales of microstructural features in UFG materials do not permit for
dislocation substructures to dominate the fatigue response, instead favoring grain-boundary
mobility for accommodating deformation.
This effect is very apparent in UFG titanium, which shows negligible cyclic softening,
compared to UFG copper(Agnew and Weertman, 1998) produced through SPD methods. The
variation in mechanical response is because the FCC crystal structure of copper affords it a much
higher symmetry of available slip systems to accommodate deformation. The HCP structure of
titanium, on the other hand, strongly prefers prismatic slip. But in an ultrafine microstructure
with a large density of high-angle grain boundaries, the fraction of grains favorably oriented for
prismatic slip is very small. Consequently, the microstructure resorts heavily to grain-boundary
sliding in order to accommodate deformation. As a result, cyclic softening is negligible in UFG
titanium alloys, since the dislocation substructure produced during SPD processing is not easily
relaxed through annihilation during plastic deformation (Vinogradov et al., 2001).
The immunity of UFG titanium to cyclic softening is also highlighted by the absence of
shear banding under both monotonic and cyclic loading, a phenomenon which is not shared by
other UFG copper or 5056 Al-Mg alloy produced using (Patlan et al., 2001).
This, again, is because plastic deformation is not as easily accommodated through shear
stresses leading to dislocation interactions, but instead due to strains being resolved through
grain-boundary sliding. Therefore, the evolution of damage during cyclic loading in UFG
titanium is primarily through intergranular nucleation of microcracks (Vinogradov et al., 2001).
The occurrence of several nucleation events throughout the microstructure corresponds to an
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absence of significant strain localization during deformation. The ability of UFG titanium to
maintain uniform deformation has been shown to produce positive upticks in both static and
fatigue behaviors(Semenova et al., 2009).
Given that the fatigue performance of UFG titanium is not dominated by dislocation
interactions, the overall fatigue life is dictated by the elastic strain amplitude. Confining strain
amplitude to the elastic regime, as well as greater tortuosity presented by the intergranular
progression of fatigue cracks during cyclic failure leads to longer fatigue lives as well as higher
strengths at the fatigue limit (Iwahashi et al., 1997; Patlan et al., 2001)
3.2

Strategies for producing ultrafine grained (UFG) microstructures
General practice for the production of UFG microstructures involves severe plastic

deformation (SPD) strategies to induce maximal distortion of the material, leading to high
amount of stored strain energy in the form of accumulated dislocation densities within the
material. These methods may involve simultaneous thermal processing for optimal
microstructure refinement. SPD techniques have the benefit of producing materials that are
largely free from porosity or impurities (Stolyarov et al., 1999), which is an issue that plagues
most bottom-up nano-material processing techniques such as inert gas condensation (IGC)
(Gleiter, 1989), ball milling (Koch and Cho, 1992), or powder compaction (Billard et al., 2006),
or hydrogen adsorption (Yoshimura and Nakahigashi, 2002) .
Listed below are some of the most prevalent SPD techniques for producing UFG
titanium:
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3.2.1

Equal channel angular pressing (ECAP)
Equal channel angular pressing (ECAP) is one of the most commonly used techniques of

imparting SPD onto materials. It involves two channels of identical cross-sectional profiles
intersecting each other. The intersection is quantified by the outer corner angle Ψ, and an inner
channel angle Φ (Naseri et al., 2018). The work piece (often heated to a suitable deformation
temperature) is placed in the die and subjected to a high magnitude of pressure from a plunger,
causing it to make its way along the first channel, as schematized in Figure 3.1. The corner
intersection between the two channels is the site of maximally severe deformation, followed by
the wok piece exiting the other end of the die (Valiev and Langdon, 2006). The fact that the cross
section of the work piece after ECAP is identical to that of the channels, the same piece can then
repeatedly be subjected to subsequent ECAP passes, until a satisfactory amount of deformation
has been imparted.

Figure 3.1

Apparatus used for equal channel angular pressing (ECAP) (Huang and Langdon,
2013)
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3.2.2

High pressure torsion (HPT)
The process of high pressure torsion involves placing a sample disc between two anvils

followed by application of immense pressure with simultaneous rotation (Zhilyaev and Langdon,
2008). The deformation can be unconstrained, where the disc rests between two flat platens, and
is free to expand along its perimeter, or constrained, where the disc s fully confined in cavities
inside the platen, thereby restricting ant lateral expansion during deformation(Huang and
Langdon, 2013).

Figure 3.2

Schematic depicting setup for high pressure torsion as a means of severe plastic
deformation of polycrystalline materials (Zhilyaev et al., 2003).

While effective, HPT process can have its shortcomings in terms of uniformity of severe
plastic deformation. Due to the rotational nature of deformation imparted on the sample during
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HPT processing, the magnitude of strain would vary radially across the sample. As a result, the
degree of microstructural distortion (and hence the mechanical response) would not be constant
across material produced using HPT
3.2.3

Accumulative roll bonding
The process of accumulative roll bonding (ARB) was invented as a means for producing

ultrafine grained microstructures in larger batches of materials. The method relies on the stacking
individual sheets of heated material and passing them through hot rolls with no lubricant in
between the sheets (Saito et al., 1998). The high temperature, along with the severe thickness
reduction of 50% lead to the sheets being bonded, with grain sizes at the interface reaching
values sub-micron values after several repetitions. Figure 3.3 shows the progression of steps in
the ARB process.

Figure 3.3

Steps involved in accumulative roll bonding (ARB) as a means for producing
microstructures with ultrafine rain sizes at interfaces of rolled sheets(Saito et al.,
1998)
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3.2.4

ECAP-Conform
Valiev and Langdon (Valiev and Langdon, 2006) proposed an SPD method for producing

longer rods, illustrated in Fig 3.4. The approach replaces the channel dies in conventional ECAP
with two concentric cylindrical dies. The outer die is kept stationary, while the inner die is
allowed to rotate. The work piece is inserted into gap between the dies and gets pulled around the
perimeter of the inner die, before being forced to exit from a right-angled opening in the external
constraint die. This right-angled exit acts very similar to the deformation path forced upon
conventional ECAP samples, while introducing a prior deformation stage.

Figure 3.4

3.2.5
3.2.5.1

A Schematic of the ECAP-Conform process (Raab et al., 2004). The piece to be
refined is fed into the gap between rollers at the bottom, and deformed during
rotation, before being subjected to an ECAP-like deformation as it exits the die.

Two step ECAP methods
ECAP + cold rolling
Proposed by Fan et al (Fan et al., 2009) , the two-step process involves several SPD

passes using ECAP elevated temperatures, followed by cold rolling, which may be performed at
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either room temperature, or at cryogenic temperatures using liquid nitrogen. Crystallographic
analysis of samples that underwent several iterations of the process showed an uptick in {1011}
intensities. This increase in intensity was more pronounced in samples rolled at liquid nitrogen
temperatures and was accompanied by significant improvements in both strength and ductility,
when compared to the samples rolled at room temperature.
3.2.5.2

ECAP + HPT
Stolyarov et. al, (Stolyarov et al., 1999) investigated the notion of producing a material

through ECAP, followed by the introduction of further severe plastic deformation using HPT.
While the resultant microstructures generated showed good refinement, the microstructures
obtained were equiaxed, thereby losing out on the improvement in mechanical properties
associated with high aspect ratio microstructures (i.e. slender and long grain morphologies).
3.3

Drawbacks of using ECAP to produce ultrafine grained Titanium
While equal channel angular pressing (ECAP) is the industry standard method for

generating UFG microstructures (Valiev and Langdon, 2006), it is accompanied by its own share
of drawbacks. The dimensions of parts produced by ECAP are limited by the dimensions of the
dies and the amount of load that can be applied during pressing stages Furthermore, titanium,
like other hexagonal close packed materials, is challenging to produce using ECAP due to fewer
independent slip systems to accommodate large amounts of deformation during pressing(Kang et
al., 2008, p. 31; Semiatin et al., 1999). As a result, ECAP processing of titanium has been shown
to produce issues such as segmentation, unstable flow, and cracking (Cetlin et al., 2010; Roshan
et al., 2011).
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To combat this issue, ECAP on titanium must be performed at a very low ram speed of
0.25 mm/sec and temperatures of at least 275o C, with recent studies on ECAP of commercial
purity titanium being performed in the range of 450 to 500o C (“Nanomaterials by Severe Plastic
Deformation,” n.d.; Stolyarov et al., 2001a, 2001b, 2003; Zhu et al., 2003). Use of higher
processing temperatures introduces the added cost of heating the material, in addition to the
requirement for performing the process under a controlled atmosphere, owing to the strong
propensity for titanium to oxidize at elevated temperatures. Furthermore, ECAP performed at
higher temperatures has been shown to produce larger grain sizes (Hajizadeh et al., 2014), which
becomes counterproductive when using ECAP as a strategy for producing UFG microstructures.
Standard ECAP die angles of 90o (Figure 3.5 (a)) were found to be less suited for SPD on
titanium and titanium alloys, leading to the need for fabricating specialized ECAP dies at 135o
angle, shown in Figure 3.5 (b). (Hajizadeh et al., 2014; Naseri et al., 2018), which further adds to
the cost of producing titanium with UFG microstructures.
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Figure 3.5

3.4

Variation in channel angles and outer corner angles for different ECAP dies
(Nakashima et al., 1998). (a) Conventional ECAP with right angled channel. (b)
ECAP die with obtuse angle for feasible fabrication of titanium alloys

Motivation
Chapter III of this manuscript details the numerous benefits of ultrafine grained

microstructures, as well as various methods of producing them. While effective, all the top-down
methods rely on the use of severe plastic deformation to trigger microstructural refinement. As a
result, such methods are ill suited for dimension-sensitive applications. The presented study
proposes a method of microstructure refinement using only heat treatment, and completely
foregoing mechanical deformation. This approach would allow for microstructural refinement of
components in a near-net-shaped state, while simultaneously minimizing the steep costs
associated with severe plastic deformation during processing.
3.5

Underlying mechanisms during heat treatment of alpha + beta titanium alloys
There exist three mechanisms that are broadly at play during thermomechanical

processing of alpha + beta titanium alloys (Yoshimura and Nakahigashi, 2002):
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•

Dynamic recovery (DRV) involves the annihilation of the dislocation substructure
in the alpha grains and occurs during high temperature processing at temperatures
below the beta transus. In addition to diminishing the microstructural distortion
(crucial for inducing further refinement), DRV has also been reported to manifest
negative effects such as cracking at prior beta grain boundaries, adiabatic shear
banding, and flow localization (Matsumoto et al., 2013). Ko et al. (Ko et al.,
2008) demonstrated that DRV can hinder strengthening via strain hardening in
pure Ti (fully alpha), even in ultrafine microstructures with 300 nm grains
produced using ECAP.

•

Continuous dynamic recrystallization (CDRX) is the phenomenon of forming new
alpha subgrains within the existing alpha microstructure. These subgrains are
often bounded by low angle grain boundaries, leading to reduced texture
randomization during the recrystallization process, since the orientations of the
newly formed subgrains do not deviate significantly from the parent alpha grain,
or from one another(Humphreys and Hatherly, 2004; Zherebtsov et al., 2011).

•

Discontinuous dynamic recrystallization (DDRX) is characterized by the
heterogenous nucleation and growth of new grains. While freshly nucleated
DDRX grains have lower dislocation densities, they are accompanied by the
formation of high angle grain boundaries. Higher grain boundary angles are
attributed to enhanced ductility in ultra-fine grain microstructures (Ko et al.,
2008).

During DDRX, the tendency of nucleating of new alpha grains is increased at the
intersections of {1011} martensitic twins (Matsumoto et al., 2013).
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3.6

Cyclic rapid heat treatment (CRHT) process
Due to the omission of mechanical deformation from the processing phase, it is

imperative to maximize the refinement effects of heat treatment processes. Given that nucleation
of alpha during DDRX is enhanced at twin junctions, refinement of martensitic structure to
increase the density of high-angle twin intersections is critical. Furthermore, based on the
Ashby’s micromechanical approach (Ashby, 1970), slender grains with higher aspect ratios are
associated with greater densities of geometrically necessary dislocation. In the interest of
maximizing microstructural distortion in the form of stored dislocations without plastic
deformation, a highly refined martensitic microstructure would be preferred over an equiaxed
one.
Figure 3.6 presents a schematic of the proposed thermal processing, termed cyclic rapid
heat treatment (CRHT). To obtain a fine martensitic microstructure, the Ti-64 material must first
be heated to temperatures exceeding the beta transus. To minimize beta annealing and relaxation,
the heating time must be kept as short as possible, while still providing adequate time for
complete beta transformation. Next, the material must be quenched rapidly to generate a
microstructure that is fully populated with martensitic twins. While there does exist a minimum
required cooling rate for martensite formation, faster rates are generally preferred for effective
refinement of martensitic microstructure (Ahmed and Rack, 1998). This is because the displacive
martensitic twin formation is realized through the processes of shear and shuffle (Wang et al.,
2017). Shear is attributed to nucleation events while shuffle is associated with the growth in the
width of the twins. Due to shuffle progressing as a diffusion-like process during twin formation
(El Kadiri et al., 2013) , depriving the system of sufficient time to allow for shuffle results in
finer martensite by promoting the nucleation of twins while curtailing their growth. Furthermore,
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rapid quenching of the microstructure would also induce a greater Bain strain during the
diffusionless phase transformation by rapidly inducing shear in the BCC to HCP transition
during cooling (Galindo-Nava, 2017). The resultant microstructural distortion combined with
refinement in the martensite and increase in {1011} twin intersections renders the material more
suitable for DDRX during further processing. In order to take full advantage of DDRX
mechanism while avoiding the detrimental effects of DRV and CDRX, the material is now
rapidly heated to a temperature within the alpha-beta domain (i.e. below the beta transus) and
held for a short duration before being cooled down to room temperature. This stage marks the
completion of one rapid heat treatment cycle After experiencing some DDRX, the martensitic
microstructure can once again be rapidly heated above beta transus and the entire CRHT process
can be repeated, with the goal of further compounding the microstructure refinement effects.
Once a satisfactorily refined microstructure is achieved, the material can exit the CRHT
framework and go directly into final application or be subjected to further heat treatment
processes to produce refined equiaxed or bimodal microstructure, if required for the final
application.

Figure 3.6

Schematic depicting the stages of cyclic rapid heat treatment (CRHT) process.
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3.7

Preliminary testing of CRHT process
To test the hypothesis for microstructure refinement through CRHT, hot rolled aerospace

grade Ti64 from TIMET was used as the starting material. 10 mm x10 mm x 50 mm samples
were extracted, and heat treated in a Gleeble 3500 thermomechanical simulator. The heat
treatment chamber was evacuated and purged with argon gas to expel any residual air, before
pulling a vacuum for each heat treatment step. The following are the heat treatment parameters
implemented for each stage of the CRHT process:
1. Brief excursion above beta transus
Based on the findings of Ivasishin et.al (Ivasishin and Teliovich, 1999), the beta transus
temperature has been shown to increase with heating rate. For the applied heating rate of
100 K/sec, the reported beta transus temperature is 1343K (1070 oC) in Ti64. To ensure
that this threshold was exceeded, the specimens were heated to 1373 K (1100 oC) and
held for 5 seconds.
2. Rapid quenching to room temperature
The heated samples are quenched using pressurized argon. Simulations using JMatPro
software predict that a cooling rate of 50 K/sec is sufficient for total martensitic
transformation. The cooling rate of 70 K/sec to room temperature supplied by pressurized
argon was deemed adequate for this proof of concept analysis.
3. Heating within the alpha-beta regime
The quenched martensitic samples were again heated at a rate of 100K/sec to 1073 K
(800 oC) and held for 300 seconds to initialize the DDRX process, then argon quenched
to room temperature (average cooling rate of 70 K/sec). Stage 3 marks the end of one
cycle.
The temperatures of the samples were monitored using platinum thermocouples that were
spot welded to the material. Figures 3.7 and 3.8 show the prescribed and actual temperature-time
profiles of a sample experiencing a single CRHT iteration.
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Figure 3.7

Prescribed and actual temperature- time profiles for the first step of CRHT heat
treatment, which briefly ventures above the beta transus temperature of the
material, followed by rapid quenching to produce a martensitic microstructure.
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Figure 3.8

3.7.2

Prescribed and actual temperature- time profiles for the second step of CRHT heat
treatment, which involves holding the material at a temperature below the beta
transus temperature

Analysis of argon-quenched CRHT microstructures
To observe the evolution of the microstructure during subsequent cyclic treatments,

specimens were subjected to 1, 2, 3 and 4 cycles. The samples were mechanically polished and
finished using a vibratory polisher with colloidal silica for 24 hours. The prepared samples were
observed using electron backscatter diffraction (EBSD) using a Zeiss SUPRA40 scanning
electron microscope, with TSL orientation imaging microscopy (OIM) for data analysis. The

47

EBSD scans were obtained using a 100 nm step size over a period of 8-9 hours and imaged in the
plate-normal direction, with the rolling direction dunning vertically along the scan.
The image quality (IQ) maps obtained from EBSD scans in Figure 2 illustrate the effects
of successive CRHT protocols on the morphology of Ti64. Figure 3.9 (a) portrays the equiaxed
starting microstructure, while the subsequent figures show the developments in the fully
martensitic microstructures (< 1% beta). Figure 3.9 (b) depicts the initial martensitic phase
produced by implementing the first cycle, which displays some remnants of the prior globular
alpha microstructure in the as-received plate. The second cycle (Figure 3.9 (c)) is accompanied
by further depletion of globular characteristics. The microstructure after three cycles in Figure
3.9 (d) shows significant refinement in the widths of the martensitic laths as well as their lengths.
Applying additional CRHT cycles leads to a point of diminishing returns, with large alpha
aggregates decorating the boundaries of prior beta grains. In addition to depriving the
microstructure from refinement, the agglomeration of alpha at the boundaries can hasten
intergranular damage during deformation, due to strain incompatibility at boundaries and
anisotropy of HCP alpha, particularly under fatigue loading (Sen et al., 2010). This coarsening
phenomenon is not prevalent in the three-cycle CRHT microstructure, as demonstrated by the
larger area scans of three-cycle and four-cycle microstructures in Figure 3.10 (a) and Figure 3.10
(b) respectively. As a result, three CRHT cycles are considered optimal for the applied
temperature and time parameters.
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Figure 3.9

IQ maps obtained through from EBSD showing the Ti64 microstructure in the (a)
as-received state, as well as after (b) one, (c) two, (d) three, and (e) four CRHT
iterations. (100 nm step size)
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Figure 3.10

IQ maps of larger area EBSD scans of the (a) three and (b) four cycle
microstructures, showing the prevalent accumulation of alpha at prior beta grain
boundaries in (b). (500 nm step size)

Figure 3.10 shows the progression of microstructural refinement, with number fraction
(in percent) of grains whose diameters are approximately 550 nm or smaller after each CRHT
repetition. The greater refinement in the first cycle as compared to the second is likely due to the
martensite being able to take advantage of the hot-rolled microstructure, while the second cycle
starts with a fully reset microstructure. Refinement of grains further continues with successive
cycles, with 82% and 90 % of the grains having diameters under 550 nm for the three-cycle and
4-cycle specimens respectively. While the overall proportion does increase, the coarsening at
prior beta grain boundaries in the four-cycle case means that the largest grain diameter is
approximately 45μm, but the biggest grains in the three-cycle sample are limited to less than
12μm.
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Figure 3.11

Proportion of grains with diameters less than 550 nanometers after each CRHT
iteration, along with diameters of largest grains for 3 and 4 cycle microstructures.

Figure 3.11 plots the variation in high-angle grain boundary densities as a function of
number of CRHT repetitions. The compute the densities, the total length of the high-angle grain
boundaries (greater than 15 degrees) in an EBSD scan are divided by the corresponding area of
the scan (Matsumoto et al., 2013). The higher density of high-angle grain boundaries in the firstcycle case compared to the two-cycles is attributable to the fact that during the first-cycle
microstructure was able to benefit from the distortion stored within the as-received
microstructure during hot rolling. The first application of CRHT effectively reset the
microstructure, resulting in a diminished density for the two-cycle case. The density does
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experience a marked increase after three cycles, with a slight drop when progressing to the fourth
one. To better assess the contribution of DDRX in the process, Figure 5 also shows the density of
grain boundaries with angles greater than 60 degrees. While the first three instances display
similar trends to their 15o counterparts, the decrease associated with the fourth cycle hints at
decreased DDRX activity.

Figure 3.12

Evolution of high angle grain boundary densities after each CRHT iteration.

The reduction in grain boundary angle, combined with the introduction of prominent
alpha at prior beta boundaries, points towards DRV and CDRX starting to dominate the
microstructural development after third CRHT cycle. The phenomena of CDRX and DRV
competing against DDRX proves disadvantageous due to CDRX forming low-angle boundaries,
while DRV retards the formation of high-angle grain boundaries. The higher grain boundary
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density, together with the greater DDRX activity, lends further credence to the fact that three is
the optimal number of CRHT repetitions for microstructural refinement.
3.8

Mechanical testing
To assess the effect of CRHT on the material response, blanks with cross-sectional

dimensions given in Figure 4.6, and lengths of 50 mm were machined using electrical discharge
machining (EDM), with the tensile axis aligned along the plate normal direction (consistent with
direction used for imaging during microstructure analysis. Figure 3.13 Shows the modulus
corrected response of CRHT under quasi-static tension.

Figure 3.13

Cross-sectional dimensions of blank produced for mechanical testing of samples
processed using CRHT.

Quasi-static tensile testing of CRHT samples was performed using an Instron 5882 load
frame, using a 5kN load cell. Figure 3.14 shows the stress-strain results for the tensile tests.
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Figure 3.14

Modulus corrected quasi-static tensile response of Ti-64 alloy subjected to varying
iterations of cyclic rapid heat treatment (CRHT) process.

The mechanical performance of the 3-cycle microstructure appears to follow a similar
trend to that observed in the microstructure. While the 2-cycle case shows a slight increase in
strength, combined with a significant preservation in uniform ductility, the 3-cycle case displays
a higher amount of hardening, with a slight softening response after the ultimate stress value is
exceeded, corresponding to necking. This necking response signifies the ability of the refined 3cycle microstructure to with stand localized deformation and absorb significant amounts of
energy in the process. By contrast, the 4-cycle case performed the worst, with early onset of
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necking with very little ductility. This is likely due to the strain incompatibilities brought about
by the large HCP alpha grains at the peripheries of prior beta grain boundaries.
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CHAPTER IV
FUTURE WORK
Listed below are a few avenues of further research that can be pursued in the future:
•

Development of CRHT parameters for Ti-639 alloy, to potentially benefit from an
ultrafine grain microstructure that is stabilized by molybdenum at the interfaces.

•

Optimization of heating rate uniformity in Gleeble rapid heat treatments through
fine tuning of feedback loops for controlling heat power supplied to sample. The
introduction of additional platinum thermocouples along the span of the heat
treatment blanks can be used to mitigate gradients in the heating temperature as
well as heating rate in the test-piece.

•

Varying the strain rate applied during mechanical testing to establish a specific
point at which we see a change in the underlying failure mechnanisms of the
CRHT microstructures.

•

Fractography for pos-hoc characterization of the failure location and mode as a
function of CRHT iterations.
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